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Abstract 
The present study investigated the articulatory gestures in relation to Cantonese lexical tones, 
and examined the possible relationship between laryngeal and supralaryngeal systems. Five male 
and five female native Cantonese speakers produced the syllable /ji/ at six Cantonese tones. 
Articulatory gestures of tongue, lips and jaw were obtained by using a three-dimensional 
electromagnetic articulograph (EMA). Simultaneously, acoustical parameters including the first 
two formant frequencies were also obtained. Kinematic data showed that articulatory positions 
varied at different Cantonese tones, suggesting an interaction between the laryngeal and 
supralaryngeal systems. Results also revealed gender difference in articulation, and that 
articulatory positions did not predict F0 in tones. 
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The Interaction between Articulation and Tones in Cantonese -- An EMA Study 
Introduction  
Cantonese, known as ‘Yuet Yue’, is a dialect of Chinese commonly spoken in the 
Southern China including Hong Kong, Macau and Guangdong Province, as well as major 
Chinese communities in Southeast Asia (Gordon, 2005). It is a tone language in which, for the 
same syllable, different lexical tones yield a difference in meaning. Although some researchers 
believed that there are nine lexical tones, recent studies and transcription schemes show that 
there are only six phonemic tones in Cantonese (Bauer, 1998; Zee, 1999).  
Pitch and Tone Contour  
Lexical tones can graphically be represented by using tone contours, which are shaped 
according to changes in perceived pitch (Bauer & Benedict, 1997). Pitch is the psychological 
correlate of tone which can be of rising, flat or falling pitch levels (Lee, Ching, Chan, Cheng & 
Mak, 1995). It is acoustically correlated with fundamental frequency (F0) of the voice produced, 
and physiologically, F0 in turn refers to the rate of vocal fold vibration, which is largely 
regulated by the longitudinal tension of vocal fold (Kent, 1998).  
The six Cantonese tones can be represented by using tone letters, namely from tone 1 to 
tone 6. Tones 1, 3, and 6 are high level, mid level and mid-low level tones. Tones 2 and 5 are 
high-rising and mid-low rising tones while tone 4 is a mid-low falling tone (Bauer & Benedict, 
1997). Cantonese tones can be classified into entering and non-entering groups. Syllables of an 
entering tone end with either one of the stop consonants /p/, /t/, or /k/. Otherwise, it belongs to a 
non-entering tone. Entering tones can only be produced in three tones indicated by tones 7, 8 and 
9 (Wong, 1974), and these three tones are usually perceived as parallel to high (tone 1), mid 
(tone 3) and mid-low (tone 6) level tones respectively of the nonentering group (Bauer, 1998). A 
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recent study found that the entering tones had the same pitch level as the equivalent non-entering 
group (Lee, Kochanski, Shih & Li, 2002).  
Tone and Source-Filter Theory 
Production of vowels can be understood by the source-filter theory, which states that 
vowel sounds are the product of the source and the filter (Stevens & House, 1961). During 
production of a vowel, sound is generated by the vibrating vocal folds of the laryngeal system, 
which represents the periodic sound source. The sound is then “filtered” by the supralaryngeal 
system, which modifies the source energy differently according to the specific vocal tract 
configuration and results in different vowels. One basic assumption of the source-filter theory is 
that the laryngeal sound source and supralaryngeal filter are independent of each other. 
Interruption of one system should in theory have no effect on the other. However, studies have 
suggested that the two systems are in fact not entirely independent of each other. McClean and 
Tasko (2002) investigated associations between speeds of upper lip, lower lip, tongue and jaw to 
vowel F0, vowel intensity and inspiratory volume of speech breath. They examined an utterance 
produced by American English speakers in different speech rates and vocal intensities, and found 
that the articulatory gestures, especially the jaw, were correlated to the laryngeal system and 
respiratory system in F0, intensity control and inspiratory volume. Geumann (2001) investigated 
the articulatory and acoustic modifications in loud phrases produced by six German speakers. It 
was suggested that the jaw position, F0 and F1 were adjusted in high intensities. These studies 
suggested that the source interacts with the filter. 
Previous studies on English reported interactions between supralaryngeal and laryngeal 
systems. Other studies of Mandarin lexical tones also reported similar findings. Xu and Xu (2001) 
proved that stops aspiration posed significant effect on onset F0 of the following vowel. In 
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producing the same lexical tone, especially in rising or low tones, the aspirated stops had a lower 
F0 while their unaspirated counterpart had a higher F0. Chen and Ng (2005) reported that the 
voice onset time values of the six Mandarin stops (/p, b, t, d, k, g/) varied with tones. Erickson, 
Iwata, Endo and Fujino (2004) investigated interactions between tone and articulation, and they 
found that tone 3 was associated with a more retracted tongue position and a lower jaw position, 
and tone 3 exhibited a higher F1. However, the study did not discuss whether jaw positions 
contributed to changes in tongue positions and did not study the effects of tone on lips. Hoole 
and Hu (2004) reported similar findings: tone 3 was different from other tones in terms of lips, 
jaw and tongue articulations and head position. Yet, only one subject was recruited in the study. 
Besides, all of these studies were in Mandarin, which is the standard Chinese with only four 
tones.  
Vocal tract resonance is determined by a particular vocal tract configuration during 
production of a vowel. The frequencies that are being resonated are known as formants. Based 
on previous perceptual studies, it is known that the first two formants mainly describe vowels 
qualities associated with the tongue height, tongue advancement and tongue movements (Kent & 
Read, 2002). In general, raising tongue body reduces F1, whereas lowering tongue-body leads to 
a higher F1. The downward tongue displacement is facilitated by lowering the jaw. Similarly, 
front or back tongue-body movement generally determines F2. The reduction of F2 with the back 
movement is enhanced by simultaneous lip rounding (Stevens, 1999). There were only a few 
published studies with objective data for articulatory-acoustic relationships in Cantonese. Chen, 
Ng, and Vrablik (2005) found that F1 and F2 remained steady in four tone productions of 
Mandarin vowels, together with the changes in articulatory positions in tongue, lips and jaw 
(Erickson, et al. 2004;  Hoole & Hu, 2004), suggesting interactions between the laryngeal and 
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supralaryngeal system to result in the invariance. So (2003) studied the relationships between 
seven Cantonese vowels /i, y, ε, œ, a, ɔ, u / in two male native speakers. He concluded that there 
were insignificant correlations between F1 or F2 and articulatory positions in these vowels, 
suggesting that F1 and F2 were not sensitive to changes in horizontal and vertical constrictions in 
articulation. Articulatory-acoustic relationship was also determined in the present study, in which 
the relationship between the formants and articulatory positions in different tones of the same 
vowel were evaluated. 
A review of the literature indicates that many studies have investigated the identification 
and perceptual characteristics of Cantonese tones (e.g., Lee, Ching, Chan, Cheng & Mak, 1995; 
Qian, Lee & Li, 2003). Different acoustic models have been developed. For example, Lee, 
Kochanski, Shih and Li (2002) derived tone shapes based on F0 and investigated the changes of 
tone at different positions in phrases or sentences. Gu, Hirose and Fujisaki (2007) used timing 
and amplitude of tones to model F0 contours in Cantonese utterances. However, few studies 
examined the articulatory characteristics of different Cantonese tones. How different Cantonese 
tones interact with articulatory gestures is still not know. If the assumption of source-filter theory 
does not hold, different Cantonese tones may be associated with different articulatory gestures, 
even for the identical phonetic segment. The present study attempted to answer this research 
question by exploring how Cantonese tones contribute to articulator changes. Articulatory 
movements were traced during production of six Cantonese lexical tones in the same vowel. 
Characteristics of articulatory gestures for different lexical tones were compared. 
Purpose of the Study 
 The relationship between Cantonese lexical tones and articulatory gestures was examined, 
and articulatory data was compared with acoustical parameters. Kinematic information was 
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obtained from various articulators including jaw, lips and tongue during production of /ji/ at the 
six Cantonese tones. Articulatory data was obtained using a three-dimensional electromagnetic 
articulograph (EMA) and were compared with F1 and F2 measured from vowels.  
Background of EMA 
Kinematic data was obtained by using a three-dimensional electromagnetic articulograph 
(EMA) (AG 500 Carstens Medizinelektronik GmbH). It is a non-invasive sophisticated device 
that tracks and records changes of location of articulatory structures by means of sensors. 
Kinematic measurements of lips, jaw, tongue and velum can be made simultaneously (Hoole & 
Nguyen, 1997). Its major advantage over the use of x-ray microbeam and cineradiography in 
studying articulation is the absence of radiation exposure (Westbury, 1994). Although safety of 
EMA use has not yet been fully studied, Hasegawa-Johnson (1998) reported that the field 
strengths of Carstens EMA does not exceed the permissible exposure standard in Austria, 
Germany and the UK. Besides, electromagnetic field and electromagnetic radiation of the 
articulograph AG 500 has been reduced to biologically safety levels. The 3D EMA system works 
on the principle of electromagnetism. Six transmitter coils in the EMA cube generate alternating 
magnetic fields, together with the moving sensors, creating induced current and thus measuring 
the locations of sensors by the current. The EMA system enables measurements of the position, 
extent, and speed of articulatory movements for all motion measurements. Acoustic data can be 
obtained simultaneously and compared with the kinematic parameters. Yunusova, Green and 
Mefferd (2008) reported that the maximum error of the system falls between 1 mm and 2 mm, 
which proves that this device is suitable for recording speech movements.  
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Method 
Participants 
The present study involved ten native Hong Kong Cantonese adult speakers (five males 
and five females). The speakers were between 20 and 25 years of age with no history of speech, 
language and hearing impairment. Individuals with pace maker and/or with electromagnetic 
hypersensitivity were excluded because of their contraindications to the electromagnetic field of 
the EMA. Participants with artificial teeth were also not included in the study as the 
physiological glue used in the experiment may damage the artificial teeth. Only those who were 
able to produce the speech materials comfortably with the sensors attached to various articulators 
participated in the study. 
EMA as a Measurement 
 The 3D EMA system (AG 500) was used to track and record the articulatory movements. 
Acoustic recordings were made simultaneously using a dynamic microphone. Six transmitter 
coils were placed equidistant from each other in the EMA cube. The three pairs of transmitter 
coils generated alternating magnetic fields at different frequencies based on which three 
dimensional articulatory movements were tracked. Sensors were attached to the articulators by 
using non-poisonous physiological glue (Cyano Veneer). When the sensors moved within the 
magnetic field in the EMA cube, they induced alternating currents. The induced signal contained 
three components each of which corresponds to the frequency of the alternating magnetic field. 
By separating the three components, strength of signals was determined. Since the strength of 
induced signals was proportional to the magnetic flux density, and the flux density was inversely 
proportional to the cube of the distance of the transmitter, the distance and the angle of the sensor 
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to the transmitter coil indicating the positions and orientations of the sensors were determined. 
The EMA data were obtained at a sample rate of 200Hz.  
Procedure of Using the EMA Machine 
To prepare for the recording, the EMA machine was turned on two hours before the 
experiment. After reaching a suitable working temperature, twelve sensors were placed on 
magazines and were fixed on a calibrator. AG500 sensor calibration program ‘Mc5cal’ was then 
used for sensor calibration. Calibration took place every time when new sensors were used.  
After the calibration procedure was completed, the subject sat at the center of the EMA 
cube with the cube suspended from the ceiling. The tongue was then dried by absorbent paper 
and hair dryer to allow better attachment of sensors. A total of nine sensors were used. Three 
sensors were fixed at the midline of the tongue and they were approximately 1 cm, 2 cm and 3 
cm away from the tongue tip. Three sensors were attached to the upper lip, lower lip and the 
lower jaw respectively. These were the sensors recording articulatory movements. The other 
three reference coils for measuring head movement effects were attached on the gum of the 
upper incisors, the bridge of nose and the bone behind left ear. The program mc5recorder was 
used to record articulatory positions. Vocal microphone connected to a mixer was used to record 
production synchronized with the position data.  
Speech Materials and Data Acquisition 
The speech materials were syllable /ji/ produced at six Cantonese tones, yielding six 
different monosyllabic syllables (醫、椅、意、而、耳、二). The syllable /ji/ was used to 
minimize any coarticulatory effect on the vowel induced by the preceding consonant. The 
participants practiced the stimuli and participated in casual conversation for approximately 30 
minutes before the recording started in order to accommodate for the sensors attached to the 
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articulators during speech. During the experiment, the participants were presented the syllables 
in words to prevent misperceiving the tones. They read aloud only the target syllables for ten 
times at random orders in moderate rate upon modeling. 
Data Analysis 
Kinematic and acoustic data describing the movement of the tongue, lips, lower jaw and 
head were obtained. The raw data represented the amplitudes of articulator movements. Positions 
of articulators were first calculated by the program CalcPos and the effects of head movements 
were eliminated by using the program NormPos. The data was then converted from binary to text 
format using Bin2ASCII and to Excel for further interpretation.  
For each vowel, the waveform and narrow-band spectrogram of the acoustic signal was 
shown and analyzed by using Praat. To avoid initiation and termination effects, the vowel 
segment between 0.1 second after onset and 0.1 second before offset was extracted, from which 
F1 and F2 were calculated. Besides, the values of articulatory positions corresponding to the 
selected portion were averaged. In order to eliminate the factor of sitting positions which 
contributed to within- and between-subject variations in sensor positions, the distance between 
articulators and the bridge of nose was calculated. These procedures were carried out for six 
tones in all the nine positions derived from the raw data.  
Two-way repeated measure Analysis of Variance (ANOVA) was used as this was a 
within subject study with six data points for the six tones in each subject. The test compared 
differences among tone 1 to tone 6 in articulatory positions at anteroposterior and vertical planes, 
and F1 and F2. Gender was considered an independent variable to determine if interaction 
between gender and articulatory position or formant frequency was significant. They were 
analyzed separately if interaction was significant to determine the effect of tone on articulatory 
11 
positions in each gender. The effect of gender on articulatory positions in six tones would not be 
compared because of the limited participants in each gender group and this was not the focus of 
the present study. 
Results 
Articulatory positions and formant frequencies of the syllable /ji/ produced at six 
Cantonese tones and their relationships were obtained. The values showing articulatory positions 
were always with reference to the sensor at the bridge of nose. Two-way repeated ANOVAs 
were conducted with gender and tone as the main effects, one for each of the six sensors at the 
anteroposterior and vertical planes. Results indicated that significant interactions between gender 
and tone except for the vertical plane of the sensors of the upper lip, lower lip and lower jaw, 
suggesting that effects of different tones depended on gender, except for lips and lower jaw. 
Table 1 shows the statistics of these interaction effects. Acoustically, significant interaction was 
found between gender and tone for F2 (F (5, 465) = 4.38, p < 0.01), but not F1 (F (5, 455) = 1.01, 
p > 0.05). 
Table 1. 
Results of ANOVA on Interactions between Main Effects of Gender and Tone  
Sensor position Anterior-posterior plane Vertical plane 
3 cm from tongue tip F (5, 385)= 11.31, p<0.01 F (5, 325)= 7.83, p<0.01 
2 cm from tongue tip F (5, 350)= 8.59, p<0.01 F (5, 335)= 3.45, p<0.01 
1 cm from tongue tip F (5, 350)= 12.84, p<0.01 F (5, 360)= 25.38, p<0.01 
Upper lip F (5, 300)= 13.72, p<0.01 F (5, 320)= 2.13, p>0.05 
Lower lip F (5, 325)= 15.03, p<0.01 F (5, 320)= 0.45, p>0.05 
Jaw F (5, 215)= 10.52, p<0.01 F (5, 230)= 1.28, p>0.05 
 
As shown in Figures 1 and 2, when comparing articulatory positions between genders, 
vertical displacements were greater for males than females, indicating males tended to show a 
lower tongue position than females. Horizontal displacements at 2 cm and 3 cm from tongue tip 
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were greater for males than females, revealing males exhibited more posterior tongue positions. 
In contrast, females showed more anterior displacements at 1 cm from tongue tip, upper lip, 
lower lip and lower jaw.   
Due to the significant interaction between tone and gender, one-way ANOVAs were 
carried out to determine the effects of six tones on sensor positions for each gender. Tables 2 and 
3 summarize the statistical results. 
Table 2. 
Results of ANOVA on Differences among Tones for Male Subjects  
Sensor position F- ratio Anterior-posterior plane Vertical plane 
3 cm from tongue tip F (5, 185)= 7.34, p<0.01 F (5, 165)= 6.29, p<0.01 
2 cm from tongue tip F (5, 150)= 2.49, p<0.01 F (5, 145)= 0.76, p>0.05 
1 cm from tongue tip F (5, 150)= 8.64 p<0.01 F (5, 160)= 4.14, p<0.01 
Upper lip F (5, 145)= 11.16, p<0.01 F (5, 155)= 2.52, p<0.01 
Lower lip F (5, 145)= 9.59, p<0.01 F (5, 140)= 0.58, p>0.05 
Jaw F (5, 85)= 9.75, p<0.01 F (5, 70)= 2.06, p<0.01 
 
Table 3.  
Results of ANOVA on Differences among Tones for Female Subjects  
Sensor position F- ratio Anterior-posterior plane Vertical plane 
3 cm from tongue tip F (5, 200)= 6.42, p<0.01 F (5,160)= 4.11, p<0.01 
2 cm from tongue tip F (5,200)= 10.36, p<0.01 F (5, 190)= 4.92, p<0.01 
1 cm from tongue tip F (5,200)= 9.98, p<0.01 F (5, 205)= 0.95, p>0.05 
Upper lip F (5,155)= 5.36 , p<0.01 F (5,165)= 1.01, p>0.05 
Lower lip F (5, 180)= 10.58, p<0.01 F (5, 180)= 1.69, p>0.05 
Jaw F (5,130)= 6.32, p<0.01 F (5, 160)= 1.50, p<0.01 
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Figure 2: Average sensor positions in anteroposterior plane for six Cantonese tones production.  
Figure 1: Average sensor positions in vertical plane for six Cantonese tones production. 
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            Results revealed that the effect of tone on articulatory position was significant in the 
anteroposterior plane. In vertical plane, this effect was significant in about 50% of the sensor 
positions. 
The ranking of tone positions in anteroposterior and vertical planes is shown in Table 4, 
which shows the overall articulatory pattern. For example, for female speakers, all three lingual 
sensors were more posterior for tone 4, which was followed by tone 5, tone 1, and so on. The 
sensors during tone 3 productions were at the most anterior tongue position. These arrangements 
were derived from the data of tone positions for the two genders, which are shown in Tables 5 
and 6. They do not imply significant differences between tones.  
Table 4.  
Arrangement of Tones from Back to Front and from Low to High Articulatory Gestures for 
Males and Females  
  
Articulatory Differences Analyzing in Anteroposterior Plane  
Male participants. Generally, tones 2 and 5 were produced with more anterior tongue 
placement. The tongue was more anterior in tone 2 than tones 1, 3 and 6 measured at 3 cm and 1 
cm from tongue tip. The differences between tone 5 and the other tones became smaller as the 
sensor was nearer to the tongue tip, in which it was significantly more anterior than tones 1, 3 
Sensor position 
Male Female 
From back to 
front From low to high 
From back to 
front From low to high 
3 cm from 
tongue tip 6, 3, 1, 4, 2, 5 2, 3, 1, 5, 4, 6 4, 5, 1, 2, 6, 3 3, 6, 5, 4, 1, 2 
2 cm from 
tongue tip 6, 1, 3, 4, 5, 2 2, 5, 1, 3, 6, 4 4, 5, 1, 2, 6, 3 3, 6, 5, 4, 1, 2 
1 cm from 
tongue tip 6, 1, 3, 5, 4, 2 2, 1, 3, 4, 5, 6 4, 5, 1, 2, 6, 3 3, 4, 5, 1, 2, 6 
Upper lip 6, 3, 5, 1, 4, 2 3, 1, 5, 4, 6, 2 2, 5, 4, 1, 6, 3 5, 2, 6, 3, 1, 4 
Lower lip 6, 5, 3, 4, 1, 2 6, 5, 1, 4, 3, 2 5, 1, 4, 2, 6, 3 3, 6, 4, 5, 1, 2 
Jaw 6, 5, 4, 3, 1, 2 1, 4, 3, 5, 2, 6 4, 5, 1, 2, 6, 3 3, 4, 6, 5, 1, 2 
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and 6 measured at 3 cm from tongue tip, tones 1 and 6 measured at 2 cm from the tongue tip and 
only tone 6 measured at 1 cm from the tongue tip.  
Tongue placement for tones 3 and 6 was significantly more posterior than the other tones. 
It was significantly more posterior for tone 6 than tones 1, 2, 4 and 5 at 3 cm from tongue tip, 
tone 5 at 2 cm from tongue tip and all the other five tones at 1 cm from tongue tip. The 
displacement was significantly more posterior for tone 3 than tones 2, 4 and 5 at 3 cm from 
tongue tip, tone 2 at 2 cm from tongue tip and tones 2 and 4 at 1 cm from tongue tip. The number 
of tone variance at 2 cm from tongue tip was fewer than at the other two tongue positions.  
The results for upper lip, lower lip and jaw were similar to that in tongue, where tone 2 
was more anterior than the other tones and tone 6 was more posterior. Tone 6 was produced with 
the most posterior lips and jaw positions except for the jaw in producing tones 3 and 4.  
Table 5. 
Average Sensor Displacements at Tongue, Lips and Jaw from the Bridge of Nose for Males 
 
Dimension Tone 
Sensor position (mm) 
3 cm from 
Tongue Tip 
2 cm from 
Tongue Tip 
1 cm from 
Tongue Tip Upper lip Lower lip Jaw            
Horizontal 
 
1 -38.91 -29.85 -21.78 6.31 1.02 -3.22 
2 -36.90 -27.53 -17.30 10.84 4.85 1.19 
3 -39.70 -29.49 -20.43 5.45 -0.59 -7.98 
4 -37.55 -27.98 -19.04 7.09 0.25 -8.10 
5 -36.62 -27.65 -19.29 6.25 -0.71 -9.01 
6 -41.54 -30.32 -26.02 -0.03 -7.38 -18.13 
Vertical 
 
1 -52.15 -59.25 -72.97 -73.57 -97.07 -125.61 
2 -54.49 -59.76 -73.23 -72.03 -96.33 -123.93 
3 -52.41 -58.74 -72.55 -73.48 -96.72 -125.15 
4 -51.87 -58.37 -72.15 -72.37 -96.81 -125.48 
5 -52.15 -59.41 -71.75 -72.84 -97.18 -124.04 
6 -50.31 -58.50 -70.25 -72.16 -97.76 -123.73 
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Female participants. Variances in articulatory positions for females were different from 
that for males. Females generally produced tones 3 and 6 with anterior tongue positions, and 
tones 4 and 5 with posterior positions. Tongue placement for tone 3 was significantly more 
anterior than all the other tones at all the three tongue positions, except for tone 6 at 3 cm away 
from tongue tip. Similarly, it was significantly more anterior for tone 6 than tones 1, 4 and 5 at 
almost all of the positions, except for tone 1 at 1 cm away from tongue tip. The tongue was 
significantly more posterior for tone 4 than tones 1, 3 and 6 at 3 cm from tongue tip, and tones 3 
and 6 measured at 2 cm and 1 cm from tongue tip. It was significantly more posterior for tone 5 
than tones 3 and 6 at 3 cm away from tongue tip, and tones 1, 3, and 6 at 2 cm and 1 cm from 
tongue tip. The order of displacement in tongue positions were the same for the three sensors on 
the tongue.  
Table 6. 
Average Sensor Displacements at Tongue, Lips and Jaw from the Bridge of Nose for Females  
 
Similar to the tongue, the upper lip, lower lip and the lower jaw were more anterior for 
tones 3 and 6 than the other tones. Tone 3 was at the most anterior position in almost all of these 
Dimension Tone 
Sensor position (mm) 
3 cm from 
Tongue Tip 
2 cm from 
Tongue Tip 
1 cm from 
Tongue Tip Upper lip Lower lip Jaw            
Horizontal 
 
1 -36.39 -26.74 -22.60 -0.92 -7.12 -15.75 
2 -35.74 -26.34 -22.49 -1.94 -6.04 -15.55 
3 -34.10 -23.50 -18.86 2.09 -1.09 -11.17 
4 -37.63 -28.30 -24.81 -1.20 -6.89 -19.97 
5 -36.86 -28.30 -24.45 -1.86 -8.14 -19.75 
6 -35.18 -25.42 -21.46 0.41 -2.77 -13.63 
Vertical 
 
1 -32.26 -43.44 -55.78 -49.91 -73.14 -89.74 
2 -31.95 -43.05 -55.33 -50.61 -72.74 -89.35 
3 -34.54 -45.74 -57.67 -49.94 -73.92 -91.47 
4 -32.45 -43.59 -56.25 -49.46 -73.86 -90.41 
5 -32.50 -43.94 -55.83 -50.75 -73.71 -90.00 
6 -33.91 -45.12 -53.79 -50.43 -73.87 -90.19 
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data points. Tone 6 was more anterior than tones 1, 4 and 5 at upper lip, tones 1, 2, 4 and 5 at 
lower lip, and tones 4 and 5 at the jaw. Tones 4 and 5 were not always the most posterior as they 
were at the tongue. 
Articulatory Differences Analyzed in Vertical Plane 
 Male participants. The sensor at 3 cm from the tongue tip was significantly lower for 
tone 2 than the other tones, and also tones 5 and 6 at 1 cm from tongue tip. Tone 6 was produced 
with significantly higher tongue positions than tones 1, 2 and 3 at 1 cm away from tongue tip. 
The only pattern that was similar to the results in anteroposterior plane for males was that 
significant difference of tone at 2 cm away from tongue tip was not as prevalent as those at the 
other tongue positions. 
The upper lip was lower for tone 3 than tones 2 and 4. Tone 1 was lower than tones 2, 4 
and 6 at upper lip, and only tones 2 and 6 for the lower jaw. No significant difference among 
tones was found at lower lip.  
Female participants. Although results of ANOVA revealed no significant differences at 1 
cm from tongue tip, pair-wise comparison indicated some significant differences among tones. 
Tone 3 was lower than tones 1, 2, 4 and 5 for all the three lingual sensors. Tone 6 was articulated 
with a lower tongue position than tones 1, 2, 4 and 5 at 3 cm from tongue tip, tones 1, 2 and 4 at 
2 cm from tongue tip, and was not significantly different from others at 1 cm from tongue tip.  
Similarly, although significant difference among tone positions was not found for the 
sensors attached on upper and lower lips, pair-wise comparison indicated that the lower lip was 
significantly higher for tone 2 than tones 3 and 4. Tone 3 was also produced with a lower jaw 
position than tones 1, 2 and 5. 
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In considering both anteroposterior and vertical movements, no significant differences 
were found between tones 1 and 3, and tones 4 and 5 for male participants; and between tones 1 
and 2, 4 and 5, 2 and 5 for female participants. 
To summarize, males exhibited more anterior tongue positions for tones 2 and 5. 
Articulatory position for tone 6 was more posterior and high while for tone 2 was more anterior 
and low. Females showed more anterior and low tongue and jaw positions for tones 3 and 6 
productions. The tongue was more posterior for tones 4 and 5 production and the jaw was higher 
for tone 2 production.  
Differences in Formant Frequencies for the Six Cantonese Tones 
The differences among tones were fewer for formant frequencies than articulatory 
positions. Males exhibited fewer F1 and F2 differences for tones than females. For males, effect 
of tone on F1 was non-significant (F (5, 210) = 0.600, p > 0.05). Effect of tone on F2 was also 
non-significant, (F (5, 230) = 1.670, p > 0.05). However, pair-wise comparison revealed that 
tones 1 and 4 had significantly higher F2 than tone 2. Findings for females were different from 
that for males. For females, the effect of tone was significant on F1 (F (5, 245) = 7.140, p < 0.01), 
and also on F2 (F (5, 235) = 7.603, p < 0.01). Results revealed that tone 4 had the lowest F1, 
which was followed by tone 2. Tone 2 had a lower F1 than tones 3 and 6. Tone 1 exhibited a 
higher F2 than the others except for tone 3. Tone 3 had a higher F2 than tones 2, 4 and 5. Table 7 
indicates the tones with ascending order of formant frequencies for both genders. 
 Table 7. 
Arrangement of Tones in Ascending Order of Formant Frequencies for Males and Females 
 
Formant  Male Female 
F1 4, 2, 3, 1, 6, 5 4, 2, 5, 1, 6, 3 
F2 2, 6, 4, 5, 4, 1 5, 4, 2, 6, 3, 1 
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Discussion 
 
Results from the present study reveal that articulatory gestures were not exactly the same 
for the six Cantonese tones, suggesting possible interactions between supralaryngeal and 
laryngeal systems. Different articulatory patterns between genders suggested coupling for 
physiological differences for producing perceptually and acoustically the same tone. The 
coupling was supported by the absence of observable correlations between tone F0 and 
articulatory positions. In addition, it was found that formant frequencies were not sensitive to 
articulatory changes. In the discussion below, tone labels and contours are used interchangeably 
to describe the six Cantonese tones, as suggested by Bauer and Benedict (1997). Tone contours 
are matched with the fundamental frequencies reported by Li, Lee and Qian (2002).  
Implications of Differences in Tone Positions on Source-Filter Theory 
This study provided evidence for the existence of interaction between laryngeal and 
supralaryngeal systems, as indicated by the articulatory difference among different tones. The 
source-filter theory assumes that the glottal source is independent of the vocal tract filter during 
speech production (Fant, 1970). This implies that articulatory behavior (filter) is intact even 
when fundamental frequency (source) is changed, as in producing different lexical tones. 
However, the present results show that articulatory positions differed at different tones. The use 
of the same syllabic structure /ji/ implied that it was tone that was affecting articulation, because 
tone and syllable articulations were synchronized (Xu, 2002). Coarticulatory effect was not 
present as the same initial consonant /j/ was used throughout the study. It follows that, source 
and filter are not independent. This was supported by the finding that some tones were associated 
with significantly different formant frequencies. 
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The presence of interaction between laryngeal and supralaryngeal systems agrees with 
that suggested by Titze and Story (1997), who theoretically stated that vocal tract area was 
reduced when glottal area decreased in order to maintain comparable impedance during speech 
production. Besides, other experimental studies also found that the source does interact with the 
filter (e.g., Chen, Ng, & Vrablik, 2005; Erickson, et al., 2004; Geumann, 2001; Hoole & Hu, 
2004; McClean & Tasko, 2002). In a study of synthesized speech, Childers and Wong (1994) 
reported that considerations in source-filter interactions in speech synthesizer greatly improved 
the naturalness of speech sound.  
However, results indicated that significant difference was not found for all six Cantonese 
tones. This may suggest that a change in tone production (thus, rate of glottal vibration) may not 
always exhibit difference in articulation. Yet, further investigations to confirm the invariance in 
other parameters, including the lateral plane, angle of movements or other positions in 
articulators is needed.   
Relationships among Articulators  
Articulatory variance with tones was more apparent in the anteroposterior than in the 
vertical plane. This may indicate that the horizontal movements of articulators were more easily 
affected by tones than the vertical movements. Besides, it is not surprising to see that 
displacement ranking was similar in lower lip and jaw, with only an exception in vertical plane 
for males.  
Tongue, lower lip and lower jaw exhibited similar pattern of displacement, which was 
again more obvious in anteroposterior than vertical plane. In the anteroposterior plane, female 
speakers had nearly the same pattern of articulatory displacement in all the six data points. 
However, in the vertical plane, the same order only applied to those in extreme positions (i.e., 
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tones 2 and 3). Similarly, for male speakers, tones 2 and 6 occupied extreme positions in the 
anteroposterior plane, but no common pattern between the tongue, lips and jaw was observed in 
the vertical plane. The similar ranking suggests that tongue, lips and jaw movements to some 
degree depended on each other. Such relationship among tongue, lips and jaw does not totally 
agree with the results reported by Torng (2000) who suggested that jaw position was better than 
tongue in predicting intrinsic pitch changes, probably because the conclusion was based on 
comparison among vowels /i, y, u, o, a/. The inter-vowel differences appeared to be greater than 
the difference between tones. Since only the vowel /i/ was presently studied, contribution from 
the jaw to articulatory variation due to tonal difference could not be evaluated. Besides, Torng 
(2000) also reported that the relationship between F0 and jaw, instead of the tongue was found in 
only some of the six male subjects. This suggested a weak relationship between F0 and jaw, 
implying that jaw and tongue did not differ much from each other in tone articulation.  
Gender Contributions on Differences in Sensor Positions and Formant Frequencies 
Analysis results revealed that effect of tone on articulation depends significantly on 
gender as indicated by most of the sensors. This may be attributable to the difference in vocal 
tract size between males and females. Female speakers generally have smaller tongue body and 
oral cavity dimension (Oliver & Evans, 1986). For the sensor having the same distance away 
from tongue tip in males and females, females tended to have the sensors attached at relatively 
posterior positions than males. Results obtained from female speakers therefore corresponded to 
a more posterior tongue position. In addition, due to the generally smaller lower jaw in females 
(Walker, 1994), the lower jaw sensor was located relatively higher for females than males.  
In addition to differences in relative sensor positions, gender exhibited an effect on tone-
position differences as shown by formant frequencies. F1 and F2 values were not affected by 
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sensor positions. With no contribution from the relative sensor positions, effect of tone in the two 
genders should be the same should there be no difference between males and females. However, 
males and females had significantly different F2 for tones regardless of the relative sensor 
positions. Physiological differences may explain for the difference. Females were having smaller 
vocal tract size and higher fundamental frequency than males. In order to produce perceptually 
and acoustically the same tone, different articulatory gestures were used.  
It should be noted that effect of gender on tone-position difference was not found in 
upper lip, lower lip and jaw along anteroposterior plane, indicating that tone articulation in both 
genders were similar in these three positions. 
Articulatory Differences of Tones within Each Gender 
Erickson et al. (2004), Hoole and Hu (2004), and Hu (2004) concluded that retracted and 
low tongue and jaw positions were found in tone 3 of Mandarin. However, they also found that 
this relationship did not always occur. Only about half of the significant position differences 
found in the present study were low tonal contours corresponding to more retracted or lowered 
positions, and high tones corresponding to anterior or higher positions. Mid-low tone 6 (22) in 
males, mid-low falling tone 4 (21) and mid-low rising tone 5 (23) in females were more posterior 
in all the data points. Lower tongue and jaw positions were also found in tone 6 in these points in 
females. High-rising tone 2 (25) was more anterior in all of these positions in male, and higher in 
both genders on lips or jaw. This pattern partly agrees with the above study that tone height is 
related to articulation position. However, it was noticeable that not all the high and low tones 
followed this trend. For the lingual sensors, tone 5 (23) in males and tone 6 (22) in females were 
more anterior in all the data points. Tone 6 (22) was higher in jaw for males. Besides, if low 
posterior position corresponds to low tones and high front for high tones, the high-level tone 1 
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(55) the mid-low falling tone 4 (21) should have been significantly different from others. Yet, 
this was not observed. Thus, there was no direct relationship between articulatory positions of 
tones and their F0. Instead, there may be complicated mechanism of coupling between 
articulators to produce acoustically and perceptually the same tone. This result and conclusion 
also matches exactly with the study by Torng (2000), which also suggested explanations for the 
compensation. For example, the mid vowel /o/ was associated with a high jaw position and the 
tongue should be lowered to maintain the middle position. It can be used to explain the results in 
this study. For example, tone 1 was associated with a high F0. In order to maintain the 
characteristics of the vowel, the jaw should be lowered or move to posterior position. Earlier 
studies had also reported that “tongue/jaw and lower lip/jaw systems cooperate to achieve an oral 
cavity target and that there is some flexibility in how the articulators cooperate” (Munhall, 
Flanagan, & Ostry, 1990, p.336). Therefore, tone contours or fundamental frequencies cannot be 
predicted directly from articulatory movements.  
The discrepancy in findings between the present study and previous studies may be 
attributable to the differences in methodology and the use of different stimuli. The present study 
used only the vowel /i/. However, Erickson et al. (2004) investigated the effect of the vowel /a/ 
on Mandarin tones 1 and 3. Hoole and Hu (2004) suggested that there were significant 
differences in tone positions in vowels /u/ and /a/, but the difference in vowel /i/ was small. Hu 
(2004) also reported that in the production of Ningbo vowel /a/, tongue and jaw positions 
between high and low rising and falling tones differed, but not in the vowel /i/. Since different 
vowels may differentially affect articulatory positions, further investigations using other vowels 
should be carried out to show the detailed relationship. Secondly, previous studies focused on 
Mandarin. Tone 3 in Mandarin is composed of a falling and then a rising pitch component, 
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forming a tone contour of 214 (Song, 2007). This downward and upward changing pitch is not 
found in Cantonese. Therefore, this Mandarin tone cannot be directly compared with the 
Cantonese tones. Thirdly, as discussed in the above, the effect of gender on tone positions should 
be emphasized. Erikson et al. (2004) recruited only two female subjects, Hoole and Hu (2004) 
tested only one female participant, and Hu (2004) did not state the gender of the only one 
participant used in the study. The use of extremely limited number of subjects in these studies 
severely reduced the representativeness and generalizability of their results.  
It is interesting to note that both tone 2 and tone 5 are rising tones, and male speakers 
showed a relatively advanced tongue position in these tones. But for tones 1, 3 and 6 that do not 
have much rising or falling in pitch, the male speakers generally exhibited more retracted tongue 
position. It seems that the front of the tongue was related to rising tones, whereas the posterior of 
the tongue was associated with tones of less pitch changes. However, this tone-tongue pattern 
was not seen in female participants. Tones having flat contours were in more anterior tongue 
positions than those with changing pitch. Tones 3 and 6 were consistently articulated at front 
positions. Tones 4 and 5 that contain falling and rising tone pitch contours were more retracted. 
It should be noted that tone 3 of Mandarin, showed more pitch changes than other tones. It is 
suggested that the presence or absence of changes in tone contour may contribute to more 
differences in articulatory movements, perhaps as an effort to emphasize the characteristics of 
the specific tones.  
Relationship between Formant Frequencies and Articulatory Positions  
 Results showed subtle effect of tone on F1 and F2 values, although tone was found to 
associate with different articulatory gestures. This suggests that small changes in articulation 
may not cause changes in formants. This suggestion is in line with the conclusion made by Chen, 
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Ng and Vrablik (2005), and So (2003) that formant frequency values failed to correspond 
faithfully with position data. Articulatory data appeared to be more sensitive in evidencing the 
presence of coupling between articulatory and laryngeal systems during speech.  
Limitations and Further Investigations 
One of the shortcomings of the present study is the use of only one syllable structure /ji/ 
due to the need for forming meaningful words at the six Cantonese tones. Limited subjects in 
each gender tended to increase individual variations. Position changes in tongue dorsum were not 
tracked because the most posterior sensor position was only 3 cm from tongue tip. In addition, 
the positions recorded were at discrete points of the articulator instead of the whole articulator. 
Other positions, such as corners of the lips were not studied. Laryngeal and cervical muscles 
movements were not obtained, so results cannot be discussed in comparison with that of Honda, 
Hirai, Masaki and Shimada (1999), in which vertical laryngeal movements were found in low F0. 
Besides, F0 was not measured to ensure the subjects were speaking at the target tones. Future 
studies can compare the articulatory gestures with F0 as well as obtaining F0 to ensure 
production of the target tones. Lateral plane and degree of movements can be included to provide 
possible lateral movement in articulators with tones. Lastly, there is slightly different Cantonese 
speech production in different Cantonese speaking communities (Gordon, 2005). The present 
results are valid only to Hong Kong Cantonese, and the findings may not be generalizable to 
Cantonese spoken in other regions. 
Implications 
This preliminary study on Cantonese tones provides evidence for interaction between 
supralaryngeal and laryngeal systems. Further study on this relationship can be conducted. How 
complex articulatory coordination is achieved for different tones can be studied. 
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